ABSTRACT Morphometric and developmental aspects of the egg stage of glassy-winged sharpshooter, Homalodisca vitripennis (Germar), and Homalodisca liturata Ball were investigated. Considerable overlap exists between the two species with respect to egg length, width, and clutch size, making these variables unreliable in identifying their eggs to species. Embryonic development of the two species was observed at constant temperatures ranging from 8.7 to 40.4ЊC. No signs of development were observed at 8.7ЊC, development was aborted early in development at 11.5ЊC, and egg masses were desiccated at 40.4ЊC. For both species, rates of embryonic development increased linearly with increasing temperatures from 16.7 to 25.6ЊC, peaked at 31.2ЊC, and decreased between 32.9 and 35.0ЊC. Based on linear regression, the minimum thresholds for embryonic development were 12.0 and 12.6ЊC, and heat unit requirements were 111.4 and 104.5 degree-days for H. vitripennis and H. liturata, respectively. We quantiÞed four physiological states of embryonic development, based on eye spots being normally developed, centrally developed, reversed, or undeveloped. The prevalence of these states did not differ signiÞcantly between the two species and comparing data from the laboratory versus the Þeld. However, higher experimental temperatures tended to increase the prevalence of abnormally developed eye spots. Nonparasitic mortality of Homalodisca eggs in Þve Þeld host plants was attributed to undeveloped-abnormally developed embryos and to the inability of Þrst-instar nymphs to emerge from eggs. These causes of mortality varied among host plants. Eggs on mule fat tended to have a higher proportion of undeveloped-abnormally developed eggs, whereas on jojoba, Simmondsia chinensis (Link) Schneider, a higher prevalence of dead but fully developed embryos was observed inside eggs.
one another (Powers 1973 , Phillips 1998 , Blua et al. 1999 . Turner and Pollard (1959) , Hix (2001) , and Setamou and Jones (2005) provided information on egg clutch size of H. vitripennis. Data on both egg clutch size and egg dimensions of Homalodisca spp. can be found in Powers (1973) and Morgan et al. (2000) . Although both Turner and Pollard (1959) and Powers (1973) gave some indication of the duration of the egg stage of Homalodisca spp., their observations were not experimental and did not relate time of egg development to temperature. Setamou and Jones (2005) measured the duration of the egg stage of H. vitripennis at 27ЊC. Leopold and Yocum (2002) conducted experiments investigating cold storage of H. vitripennis eggs at 10 and 12ЊC. Chen and Leopold (2007) investigated the effect of cold storage of H. vitripennis eggs at 5Ð10ЊC on the performance of Gonatocerus ashmeadi Girault, a major parasitoid of Homalodisca eggs. In addition, Leopold and Yocum (2002) compared egg hatch of H. vitripennis on seven host plants under laboratory conditions, excluding the impact of egg parasitoids. Al-Wahaibi and Morse (2003) investigated the effect of constant temperatures of 11.5Ð 40.4ЊC on the rate of embryonic development of H. vitripennis. Development to the Þrst instar was successful except at the two extremes of 11.5 and 40.4ЊC. Using linear regression of rate of development versus temperatures in the range 16.7Ð25.6ЊC, they reported the minimum embryonic developmental threshold was 11.9ЊC, and 113.8 degree-days (DD) heat units were required to complete development. Rate of development peaked at Ϸ32.9ЊC and then decreased at higher temperatures. In addition, at temperatures of 33.4ЊC and higher, egg hatch was signiÞcantly reduced. In this article, we present a follow-up study aimed at more closely examining embryonic development of H. vitripennis at lower temperatures of 8 Ð13ЊC. The data presented here were integrated with those of Al-Wahaibi and Morse (2003) to produce a more accurate assessment of temperature effects on embryonic development of H. vitripennis. In addition, we include data for the closely related and co-existing H. liturata to produce a more complete picture of the embryonic development of Homalodisca sharpshooters in southern California.
From a practical perspective, the comparison of the effects of temperature on the embryonic development of H. vitripennis and H. liturata is valuable in three ways. First, there is utility for such data in increasing the "shelf-life" of sharpshooter egg masses, through cold storage, for later use in rearing egg parasitoids (Leopold and Yocum 2001, 2002; Chen and Leopold 2007) . Cold storage of H. vitripennis egg masses is needed because of general reproductive dormancy of female sharpshooter populations during fall and winter in California, which can adversely affect the continuity of parasitoid cultures. Second, a degree-day model for embryonic development can be used to predict the timing of egg hatch in the Þeld. Third, from a biological control perspective, information on nonparasitic mortality affecting rates of sharpshooter egg hatch is valuable for an accurate assessment of the impact of egg parasitoids released in California for control of the glassywinged sharpshooter (CDFA 2003) .
In addition to this information on embryonic development and egg hatch, there is a need for accurate species identiÞcation of Homalodisca egg masses collected from the Þeld (or from laboratory colonies) in areas where both species are present. This would be valuable for quarantine, monitoring, and control efforts targeted against the invasive H. vitripennis because the two Homalodisca species exist sympatrically in many areas of southern California (Blua et al. 2001) . One possible method for identiÞcation of egg masses of the two Homalodisca species might be quantitative assessment of egg size and egg clutch size. Hix (2001) and Rakitov (2004) developed a method of differentiating eggs of the two species based on microscopic examination of the shape of brochosomes that form a powdery covering that the female deposits over egg masses after they are laid. However, this method is laborious and time-consuming because it requires examination under a high-magniÞcation compound microscope after making sure a sufÞcient amount of clean brochosomes is placed on a microscope slide. In some cases, egg masses have little or no brochosomes making this method useless for identiÞcation of egg masses to species.
This study attempts to provide data for the aforementioned objectives through a comparative study of the biology of the egg stages of H. vitripennis and H. liturata. This was accomplished by conducting two experiments. The Þrst experiment was a laboratory assessment of egg dimensions and egg clutch size and of the effect of constant temperatures on embryonic development, on developmental abnormalities, and on egg hatch for both Homalodisca species. The second experiment quantiÞed developmental abnormalities, egg hatch rates, and nonparasitic egg mortality of Homalodisca spp. in the Þeld.
Materials and Methods
Production of Experimental Eggs. Egg masses were produced by caging Þeld collected sharpshooters (H. vitripennis from Þeld 7H, a block of 18 varieties of citrus; H. liturata from Þeld 7E, a plot of multiple jojoba, Simmondsia chinensis (Link) Schneider, clonal varieties; both Þelds are located at Agricultural Operations, University of California, Riverside, CA) on potted, rooted cuttings of chrysanthemum, Dendranthema grandiflorum (Kitam) (ÔWhite DiamondÕ, Growlink Co., Ventura, CA), in sleeve cages at 23ЊC, 50 Ð70% RH, and a photoperiod of 14:10 (L:D) h. Adults of H. vitripennis and H. liturata were caged separately. Plants were checked every 12 h and fresh egg masses were collected for use in the studies described below. Most egg masses were produced late March to early May 2001, with the remainder of egg masses produced late July to late August 2001. Sharpshooters were collected one to two times per week during these two periods to maintain a steady supply of eggs.
Egg Dimensions and Egg Clutch Size. A sample of 86 and 27 egg masses of H. vitripennis and H. liturata, respectively, were produced in the laboratory (as indicated above) from late March to early May 2001. Egg masses were assessed for length and width of eggs. Length of eggs was determined by measuring the length of three eggs per egg mass, using one central egg and two eggs on the edges of the egg mass. Because egg masses were mostly rectangular; the width of eggs was determined by dividing the width of an egg mass (measured perpendicular to the oblong, ellipticalshaped eggs through their centers) by the total number of eggs in the egg mass. This produced a mean egg width per egg mass. Measurements of egg length were made at 22.5ϫ (1.5ϫ objective by 15ϫ ocular), whereas egg width measurements were conducted at 15ϫ (1.5ϫ objective by 10ϫ ocular), by using a microscope Þtted with an ocular micrometer. Micrometer measurements were calibrated in advance using a ruler (distance between division marks, 1 mm) viewed at the two magniÞcations. A sample of 259 and 63 egg masses of H. vitripennis and H. liturata, respectively, produced in the laboratory as described above from late March to early May 2001 was assessed for egg clutch size by counting the number of eggs per cluster of eggs (egg mass) for each of the two Homalodisca species. Histograms with frequency distributions were produced for mean egg length, mean egg width, and egg clutch size. These three variables were compared for the two Homalodisca species using t-tests.
Egg Mass Incubation Conditions. Fresh egg masses of the two Homalodisca species, produced as described above, were incubated immediately in situ (inside intact leaves on chrysanthemum plants) in growth chambers (Percival ScientiÞc, Perry, IA) set at different constant temperatures: 11.5, 16.7, 19.7, 25.6, 31.2, 32.9, 33.4, 35.0, and 40.4ЊC . Egg masses of H. vitripennis were incubated at two additional temperatures: 8.7 and 13.0ЊC. For all temperature treatments, relative humidity was maintained at Ϸ50% by replenishing water in a water pan running along the front of the chamber, and the light regime was set at a photoperiod of 14:10 (L:D) h. Temperatures inside the chambers were recorded using HOBO data loggers (Onset Computer Co., Bourne, MA) and were used in the analyses. Eggs of the two Homalodisca species were incubated simultaneously in the same chambers on separate plants.
Effect of Temperature on the Rate of Embryonic Development. During embryonic development, egg masses incubated at the above-mentioned temperatures were checked daily (Ͼ20ЊC) or weekly (Ͻ20ЊC) until eye spots became faintly visible within eggs, and then twice daily afterward. When hatching was imminent (large, dark eye spots), leaves containing egg masses were excised and placed inside 100-mm diameter petri dishes on top of moist tissue paper. This allowed easier and more accurate observation of the emergence of nymphs from individual eggs within an egg mass. Once eye spots were apparent, egg masses were monitored in the morning (8 Ð10 a.m.) and evening (4 Ð 6 p.m.), and the time of hatch for each egg was recorded. Developmental periods (in days) were calculated for each egg that completed development and hatched. Developmental rate (1/(days to hatch)) of each egg was plotted against mean temperature and linear regression was used to estimate the minimum theoretical developmental threshold and degree-days required for development of each Homalodisca species. Developmental periods were compared across species at each temperature using t-tests.
Effect of Temperature on Observed Prehatch Developmental Abnormalities. A sample of 125 and 47 advanced egg masses (with at least one egg with a dark, distinct eye spot) belonging to H. vitripennis and H. liturata, respectively, and incubated at 16.6, 19.7, 25.6, 31.2, and 35 .0ЊC, was assessed for the presence and position of eye spots, as indices of "normal" egg development. The presence and position of eye spots was observed using back lighting through egg masses under a stereomicroscope. Eggs were classiÞed as follows: developed-normal (eye spot at the anterior egg pole facing the oviposition scar), developed-central (eye spot observed in the center of the egg), developedreversed (eye spot at the posterior egg pole on the opposite side of the oviposition scar), or undeveloped (no sign of an eye spot) (Fig. 1A) . The proportion of eggs belonging to one or more of these four egg developmental states was calculated per egg mass and the proportion of eggs in each of the four developmental states was then compared between the two species at the different temperatures and among temperatures for the two Homalodisca species using t-tests and one-way analysis of variance (ANOVA), respectively.
Effect of Temperature on Egg Hatch. Hatching was deÞned as the partial or complete emergence of the Þrst-instar nymph from an egg. For partially emerged nymphs, the minimum criterion for labeling an egg as hatched was protrusion of the eyes of the emerging nymph outside of the egg (i.e., most of the head was outside the egg). Hatch rate was deÞned as the proportion of hatched eggs in an egg mass. Each egg mass was used as a replicate. Egg hatch rate was compared between the two species for each of the temperature treatments indicated above and among treatment temperatures for each of the Homalodisca species using t-tests and one-way ANOVA, respectively. Egg masses with some degree of egg hatch and those failing to hatch but with advanced development of eye spots in some eggs were included in the analysis.
Field Assessment of Developmental Abnormalities, Egg Hatch Rate, and Nonparasitic Egg Mortality. To determine whether egg hatch rates and relative com- position of developmental abnormalities observed in the laboratory were representative of those present in the Þeld, egg masses from a number of different host plant species were sampled during April 2003 at Agricultural Operations, University of California, Riverside, CA. To determine Þeld egg hatch rates, Þve plants each of Washington navel orange, Citrus sinensis Osbeck, and Lisbon lemon, Citrus lemon Burm. f. (both in Þeld 7H); jojoba (Þeld 7E); and mule fat, Baccharis salicifolia (Ruiz, Lopez and Paron), and willow, Salix nr. lucida Mulenb. (both in Þeld 7G) were searched separately for 5Ð10 min for egg masses that had signs of hatching or were close to hatching (as described below). Egg masses collected from separate plants of the same host plant were pooled and assessed by dissection under a stereomicroscope for the total number of eggs per egg mass, number of hatched eggs, and number of unhatched eggs. Unhatched eggs were further classiÞed into three classes: developed-viable (healthy looking with fully developed embryos), developed-unviable (dead with fully developed embryos), and undeveloped-partially developed (either lacking development or with a faint eye spot) (Fig.  1B ). Egg masses with parasitoid emergence holes or with evidently parasitized eggs (with developing larvae and pupae of parasitoids) were discarded and were not included in the analysis. Furthermore, to be included in the analysis, an egg mass had to have at least one hatched or developed-unviable egg. This excluded egg masses that were collected from the Þeld while in the early stages of development. Field hatch rates were calculated as the proportion of hatched eggs in an egg mass. Proportions of each of the three categories of unhatched eggs out of the total number of eggs in an egg mass were also determined. Field hatch rates and the proportions of the three categories of unhatched eggs were compared among the Þve host plants using ANOVA. Means shown to be signiÞcantly different using ANOVA were compared using the Tukey-Kramer honestly signiÞcant difference (HSD) procedure. To determine the composition of prehatch developmental abnormalities of Þeld-developed eggs, Þve trees of Lisbon lemon and jojoba were sampled (same Þeld locations as listed above). Each tree was searched for 5 min for egg masses with distinct eye spots. Egg masses collected from separate trees were pooled and assessed through dissection under a stereomicroscope for the presence and location of eye spots. Eggs in each egg mass were classiÞed into the same four developmental states used for laboratoryreared egg masses. The proportion of eggs belonging to each of the four prehatch development states, calculated per egg mass, were compared between lemon and jojoba using t-tests.
Statistical Procedures. Linear regression, t-tests, and ANOVA procedures were performed using JMP IN (SAS Institute 1996) . Means shown to be signiÞ-cantly different using the ANOVA procedure were compared using the TukeyÐKramer HSD procedure.
Results
Egg Dimensions and Egg Clutch Size. The average length of H. vitripennis and H. liturata eggs was 2.50 mm (range, 2.18 Ð2.91 mm; SEM ϭ 0.015; n ϭ 86) and 2.20 mm (range, 1.98 Ð2.51 mm; SEM ϭ 0.024; n ϭ 27), respectively ( Fig. 2) . Mean egg length was signiÞ-cantly different between H. vitripennis and H. liturata (t ϭ 10.04; P Ͻ 0.0001; n ϭ 86 and 27, respectively). There was, however, a considerable degree of overlap between the two species within the 2.18 Ð2.51-mm egg length range (53% of H. vitripennis egg masses and 59% of H. liturata egg masses fell within this overlap zone). The average widths of H. vitripennis and H. liturata eggs were 0.525 mm (range, 0.391Ð 0.712 mm; SEM ϭ 0.006; n ϭ 86) and 0.528 mm (range, 0.411Ð 0.621 mm; SEM ϭ 0.009; n ϭ 27), respectively (Fig. 3) . Mean egg width did not differ between the two species (t ϭ 0.2400; P ϭ 0.8105; n ϭ 86 and 27, respectively).
Egg masses averaged 8.24 (range, 1Ð30; SEM ϭ 0.34; n ϭ 259) and 7.92 (range, 1Ð17; SEM ϭ 0.051; n ϭ 63) eggs per egg mass for H. vitripennis and H. liturata, respectively (Fig. 4) . There was no signiÞcant difference between the two species in egg clutch size (t ϭ 0.4450; P ϭ 0.657; n ϭ 259 and 63 for H. vitripennis and H. liturata, respectively). Eggs laid singly amounted to 0.5% of all egg masses for both species combined.
Effect of Temperature on the Rate of Embryonic Development. Complete development (for at least one egg) occurred at all temperatures except 8.7, 11.5, and 40.4ЊC. At 8.7ЊC, no signs of development were observed and at 11.5ЊC, development was retarded and aborted during the early stages of eye spot formation. At 40.4ЊC, experimental plants wilted, leading to desiccation of egg masses. For both Homalodisca species, temperature and development rate showed a positive, linear relationship, particularly for temperatures in the range of 16.7Ð25.6ЊC (Figs. 5 and 6). Rates of development peaked between 31.2 and 32.9ЊC and then declined at higher temperatures. In H. vitripennis, the developmental rate at 13.0ЊC was slightly off the trajectory of the predicted regression line, showing a trend toward a higher than predicted developmental rate (Fig. 5) . Regression of the linear part of the curves (Figs. 5 and 6) indicates that H. vitripennis requires more heat units (111.4 DD) than H. liturata (104.5 DD) to complete development. This could have resulted in part, from the lower developmental threshold temperature for this species (12.0ЊC) versus that of H. liturata (12.6ЊC). There were signiÞcant but small differences in the duration of embryonic development between the two species at all temperatures except for 33.4 and 35.0ЊC (P Ͼ 0.05) ( Table 1) . For other temperatures, except 25.6ЊC, it took H. vitripennis signiÞcantly less time than H. liturata to complete embryonic development.
Effect of Temperature on Observed Prehatch Developmental Abnormalities. The most prevalent developmental state was represented by eggs with normally developed eye spots. In laboratory studies, these accounted for 87.2 Ϯ 1.9% (mean Ϯ SEM; n ϭ 172) of the eggs in egg masses. Undeveloped eggs (those without eye spots) made up 10.7 Ϯ 1.6% of eggs, whereas eggs with central and reversed position eye spots together composed the remaining 1.6 Ϯ 0.8% of eggs.
No signiÞcant differences were observed for the proportion of eggs in the four categories of eye spot development when comparing H. vitripennis and H. liturata (all t-tests with P Ͼ 0.05) (Fig. 7) . Temperature had no effect on the proportion of eggs with normal eye spots (P ϭ 0.207) and eggs with undevel- , and signiÞcance values are shown for the linear regression (regression excludes data above 25.6ЊC). The dashed line represents an extrapolation of the regression line to the minimum developmental threshold temperature (development rate of zero). Numbers adjacent to data points represent the actual test temperatures followed in parentheses by the number of eggs observed at each temperature. Each data point represents a single egg. , and signiÞcance values are shown for the linear regression (regression excludes data above 25.6ЊC). The dashed line represents an extrapolation of the regression line to the minimum developmental threshold (development rate of zero). Numbers adjacent to data points represent the actual test temperatures followed in parentheses by the number of eggs observed at each temperature. Each data point represents a single egg.
oped eye spots (P ϭ 0.103). However, temperature had a marginally signiÞcant effect (P ϭ 0.052) on the proportion of eggs with central eye spots and a highly signiÞcant effect (P ϭ 0.006) on the proportion of eggs with reversed eye spots. The proportion of eggs with central eye spots and with reversed eye spots was higher at 35ЊC than at any of the other temperatures included in the analysis (Fig. 8) . Although not significant, there was a trend toward an increase in the incidence of undeveloped eggs and a corresponding decrease in normal eggs at temperatures Ͼ19.7ЊC.
Effect of Temperature on Egg Hatch. There were no signiÞcant differences in the proportion of hatched eggs between the two Homalodisca species at 16.7, 19.7, 25.6, and 31.2ЊC. However, at 35.0ЊC, H. liturata showed a signiÞcantly higher hatch rate (Fig. 9) . For H. vitripennis, hatch rate was signiÞcantly lower at 13.0 (23%), 33.4 (41%), and 35.0ЊC (17%) than at temperatures in the range 16.7Ð32.9ЊC (66 Ð 89%), and hatch rate at 13.0ЊC did not differ signiÞcantly from that recorded at 33.4 and 35.0ЊC (Fig. 9) . For H. liturata, hatch rate was signiÞcantly lower at 35.0ЊC (51%) than at temperatures in the 16.7Ð31.2ЊC range (85Ð95%) (Fig. 9) .
Field Assessment of Developmental Abnormalities, Egg Hatch Rate, and Nonparasitic Egg Mortality. Normally developed eggs (with normal eye spots) comprised the highest proportion of eggs in prehatch egg masses sampled on both lemon and jojoba (94 and 90%, respectively). The undeveloped egg category was second in terms of prevalence, making up 4% and 8% of the total, respectively, on lemon and jojoba. Eggs Fig. 7) on the proportion of different eye spot developmental states. The proportion of each eye spot developmental state was compared among temperature treatments by using ANOVA, with P values shown below the different eye spot development states. TukeyÐ Kramer HSD mean separation was performed for each ANOVA with P value Ͻ0.05. Columns indicated with the same letter are not signiÞcantly different. Standard errors of the mean are presented as error bars at the top of each column. The numbers of egg masses used as replicates for each of the eye spot developmental states were as follows: 16.7, n ϭ 45; 19.7, n ϭ 44; 25.6, n ϭ 28; 31.2, n ϭ 16; and 35.0ЊC; n ϭ 39.
with central eye spots and eggs with reversed eye spots formed the remainder of eggs. There were no significant differences between lemon and jojoba with respect to the proportion of the four eye spot development categories (all t-tests, P Ͼ 0.05) (Fig. 10) .
The proportion of hatched eggs differed signiÞ-cantly among the Þve host plants sampled. Eggs on lemon showed a signiÞcantly higher hatch rate than on mule fat and jojoba (83 versus 41 and 56%, respectively) (Fig. 11) . When comparing the proportion of developed-unviable eggs among the host plants, eggs on jojoba had a higher proportion of this category than those on navel orange and lemon, whereas eggs on mule fat did not differ signiÞcantly from those on the other host plants (Fig. 11) . However, on mule fat there was a signiÞcantly higher proportion of undeveloped/ partly developed eggs than on jojoba, lemon, and navel orange, whereas data from jojoba did not differ signiÞcantly from that from other host plants (except mule fat) with respect to this variable (Fig. 11) . There was no signiÞcant difference among host plants for the proportion of developed-viable eggs (Fig. 11) . Developed-viable eggs were present in the lowest proportion among the four hatch categories, whereas hatched eggs were most common. Eggs that were developed-unviable and those that were undeveloped-partially developed were not different in prevalence from each other (Fig. 11) . Fig. 9 . Effects of Homalodisca species and temperature on the proportion of hatched eggs. We used t-tests to compare the proportion of hatched eggs between species, with the P values for the tests shown above columns for each temperature treatment. No t-test was performed to compare the proportion of hatched egg at 13.0ЊC (only H. vitripennis eggs were observed at this temperature) or at 32.9 and 33.4ЊC (due to low replication, n Ͻ5 for H. liturata). ANOVA was performed separately for each Homalodisca species to compare the proportion of hatched eggs across temperature. Uppercase letters above each column indicate TukeyÐKramer HSD mean separations for H. vitripennis (ANOVA, P Ͻ 0.0001), whereas lowercase letters above each column indicate TukeyÐKramer HSD mean separations for H. liturata (ANOVA, P Ͻ 0.0001). Columns indicated with the same letter are not signiÞcantly different. Standard errors of the mean are presented as error bars at the top of columns. Numbers in parentheses above temperatures are the number of egg masses used as replicates for each species and temperature combination. Numbers of egg masses used as replicates for each of the eye spot development states were as follows: 48 for jojoba, 45 for lemon, and 172 for chrysanthemum. Fig. 11 . Effect of host plant species on the proportion of different development and egg hatch states. The proportion of each development and egg hatch state was compared between the Þve host plants species using ANOVA, with P values shown below the different developmental and egg hatch states. For ANOVAs with signiÞcant P values (P Ͻ 0.05), letters above columns indicate TukeyÐKramer HSD mean separations. Columns indicated with the same letter are not signiÞcantly different. Standard errors of the mean are presented as error bars at the top of columns. Numbers of egg masses used as replicates for each of the development/hatch states were as follows: mule fat, n ϭ 13; willow, n ϭ 7; jojoba, n ϭ 41; lemon, n ϭ 49; and navel orange, n ϭ 38.
Discussion
Egg Dimensions and Egg Clutch Size. Powers (1973) indicated that the length of Þeld-oviposited H. liturata eggs averaged 2.03 mm (range, 1.80 Ð2.15 mm), which is smaller than observed in this study (2.20 mm, range 1.98 Ð2.51 mm for laboratory oviposited eggs). There was no mention of the sample size used by Powers (1973) , making it difÞcult to ascertain whether the discrepancy in egg length versus the current study was due to differing methodologies or to sampling from a different biotype, subspecies, or even a species resembling H. liturata. The average lengths of eggs of H. vitripennis and H. liturata in this study were similar to measurements reported by Morgan et al. (2000) . However, Morgan et al. (2000) reported narrower ranges of egg length and showed little overlap in egg length between the two species. This could have been due to their use of small sample sizes of Þve to six egg masses for each Homalodisca species. The overall statistical difference in egg length between the two species as determined in the current study fails to translate into a reliable method for differentiating Þeld-oviposited egg masses to species. Only in the low and high ranges of egg lengths does this method provide a robust identiÞcation tool. Egg masses with egg lengths of Ͻ2.18 mm have a high probability of being H. liturata, whereas egg masses with egg lengths Ͼ2.51 mm are most likely H. vitripennis. As with egg length, egg width cannot be used as a reliable diagnostic tool for identifying Homalodisca egg masses of unknown origin because of strong overlap between the two species for this variable.
Although egg clutch size of the two Homalidisca species is not statistically different, the distribution of the number of eggs per egg mass is balanced around the mean in H. liturata but tended to be skewed toward lower clutch sizes for H. vitripennis. Thus, as with egg size, clutch size is unreliable as a means of identifying the majority of egg masses to species. Within a Homalodisca species, the variability in clutch size could be affected by host plant species, female nutrition, age of the female, and date of sampling. The range of clutch size of H. vitripennis egg masses reported in this study agrees with data from Morgan et al. (2000) who reported 1Ð30 eggs per egg mass as an overall Þgure for both H. vitripennis and H. liturata, and with data from Turner and Pollard (1959) who indicated three to 28 eggs per egg mass as a general Þgure for four Proconiini sharpshooters they examined [H. vitripennis, Homalodisca insolita Walker, Oncometopia orbona (F.), and Cuerna costalis (F.)]. In both of these studies, it was unclear whether the source of eggs was Þeld or laboratory-deposited egg masses. However, a laboratory study by Setamou and Jones (2005) reported that egg clutch size for H. vitripennis was two to 46, averaging 16 eggs per egg mass. Thus, H. vitripennis egg clutch size in the current study and other literature is lower than indicated by Setamou and Jones (2005) for the same species. Sample size was not speciÞed for H. vitripennis egg clutch size in any of the three aforementioned studies. The rearing of nymphs and adults of H. vitripennis on fertilized cowpea by Setamou and Jones (2005) could have provided relatively better nutrition, which translated into larger egg clutches. The range of clutch size of H. liturata (1Ð17 eggs) in our study is narrower than the one to 30 reported by Morgan et al. (2000) and the two to 23 by Powers (1973) , and the corresponding mean clutch size in this study (8.2) is somewhat lower than in the two comparative studies (both reported 9). With a greater sample size (our n ϭ 63 egg masses), there is the possibility that the range in clutch size of H. liturata could indeed be wider than measured in this study.
Even if we regard the one to 17 range for the egg clutch size of H. liturata as accurate and that there is an increasing probability that eggs of unknown origin and with clutch size Ͼ17 belong to H. vitripennis rather than H. liturata, egg masses with clutch sizes in excess of 17 constitute not Ͼ10% of the egg masses of H. vitripennis, making it unreliable as a means of identifying the majority of egg masses (with clutch size Յ17) to species by using clutch size.
Temperature and Embryonic Development. Chapman (1998) noted that there are three possible minimum temperature thresholds for embryonic development: 1) for some degree of development, 2) for complete development, and 3) for hatching. Our data on the variation of embryonic development rate of H. vitripennis with temperature indicated that at 8.7ЊC, there was no sign of development, at 11.5ЊC, eggs were partially or incompletely developed, and at 13.0ЊC, the hatch rate was very low (23%). Thus, the minimum threshold temperature for some development is between 8.7 and 11.5ЊC, and the minimum threshold for complete development is between 11.5 and 13.0ЊC. Due to the low hatch rate observed at 13.0ЊC, it could also be inferred that the minimum threshold for egg hatch is between 11.5 and 13.0ЊC. The minimum threshold temperature of 12.0ЊC for H. vitripennis (derived from linear regression) represents the temperature at which the rate of theoretical development is zero. Because this mathematically derived temperature is in the range of 11.5Ð13ЊC, it matches well with the above-mentioned estimate for the minimum threshold for complete development arrived at using experimental observations and the more precise definitions of the minimum threshold temperature proposed by Chapman (1998) . There could also be maximum threshold temperature designations (similar to minimum thresholds of Chapman) for some development, complete development, and hatching. The three maximum thresholds would be reached in reverse order as temperature increases. The low hatch rate at 35.0ЊC for H. vitripennis (17%) and death of eggs due to desiccation before complete development at 40.4ЊC suggests a maximum threshold temperature of hatching exists in the 35Ð 40ЊC range. Pinpointing exactly where possible maximum thresholds for complete development and some development lie cannot be discerned from the experimental data collected in this study.
For both Homalodisca species, the relationship between the rate of embryonic development and temperature is similar to that reported in other works investigating the development of leafhopper eggs (Harries and Douglass 1948, Simonet and Pienkowski 1980) . There were generally small but signiÞcant differences between the two Homalodisca species in the time taken for full embryonic development at the tested temperatures. Such small but signiÞcant differences in the duration of embryonic development exist between other closely related leafhopper species. Hunter and Yeargan (1989) indicated that the period of embryonic development was signiÞcantly different between Erythroneura aclys McAtee and Erythroneura bistrata McAtee under cool, ßuctuating temperatures averaging 16ЊC but not under warm, ßuctuating temperatures averaging 24ЊC. Durations of embryonic development in the current study showed a similar pattern with the differences between the two Homalodisca species tending to gradually decrease with increasing temperatures from 16.7 to 35ЊC, with the exception of 25.6ЊC, where there was an abrupt decrease in the difference. Setamou and Jones (2005) stated that eggs of H. vitripennis hatched 5Ð 8 d (average of 7.1 d) after oviposition at 27ЊC, and this agrees with the results from the current study.
Developmental Abnormalities and Egg Hatch Rates: Temperature Effects. There was a tendency toward a higher incidence of eggs with abnormal eye spot development (central and reversed) at 35.0ЊC versus cooler temperature regimes. This effect of temperature suggests that eggs with central and reversed eye spots could have resulted from development factors inherent in the egg, which were modiÞed by temperature.
Temperature did not seem to have an effect on egg hatch rate (proportion hatched eggs) in the intermediate range of temperatures (16.7Ð31.2ЊC). However, for both H. vitripennis and H. liturata, there was a signiÞcant drop in egg hatch rate at 35.0ЊC, and for H. vitripennis this drop was also signiÞcant at 33.4ЊC, and evident, but not as signiÞcant, at 32.9ЊC. The signiÞ-cantly higher hatch rate of H. liturata versus H. vitripennis at 35.0ЊC suggests better adaptation of the former species to the hotter and drier environment in its native range of the southwestern United States and northwestern Mexico.
For H. vitripennis, the low temperature extreme of 13.0ЊC resulted in a signiÞcant drop in egg hatch similar to that seen at 35.0ЊC. As shown above, egg masses incubated at 35.0ЊC had a proportion of normallydeveloped eggs similar to that recorded at lower temperatures. Although not quantiÞed, most eggs at 13.0ЊC showed normally-developed eye spots. This suggests that the signiÞcant drop in hatch rate at 13.0 and 35.0ЊC was due less to developmental problems than to the effects of temperature on some behavioral aspect of the Þrst-instar nymphs as they attempted to emerge from the egg or to the effects of temperature at the two extreme temperatures on physical characters of the plant. Effects on Þrst-instar behavior seem more likely at low temperatures, because hatching requires substantial amounts of energy to break through the egg chorion and epidermis of the leaf. Because most insects cannot regulate their internal temperatures, they require a minimum temperature threshold to become active. As stated above, this threshold for H. vitripennis is probably in the 11.5Ð 13.0ЊC range, resulting in very few Þrst instars being warm enough to hatch at 13.0ЊC. At 35.0ЊC, this behavioral hurdle to hatching would be nonexistent. It seems likely that at warm temperatures, such as 35.0ЊC, leaves lose enough moisture to cause a change in the plasticity of the leaf tissue, especially in the region of the oviposition scar. The increased rigidity of the epidermal tissue surrounding the egg could have caused the sealed area around the oviposition scar to be sufÞciently tough such that it was difÞcult for the Þrst-instar nymph to break through the leaf epidermis.
Egg Hatch and Developmental Abnormalities in the Field versus the Laboratory: Nonparasitic Mortality. Mortality for the egg stage of Homalodisca spp. before hatching could have two categorical causes: intrinsic developmental abnormalities of the egg and extrinsic causes such as natural enemies (mostly egg parasitoids), host plant characteristics, abiotic factors such as temperature and humidity, and the interactions between these biotic and abiotic factors. Because parasitic mortality is beyond the scope of this study, we focused on nonparasitic mortality from intrinsic developmental abnormalities and from possible effects of host plant species (and interactions with physical factors). Nonparasitic mortality of leafhopper eggs, due to intrinsic development abnormalities or some host plant factor, were investigated previously in several studies (McKenzie and Beirne 1972 , Sasaba and Kiritani 1972 , Hoffman et al. 1990 , Rossi et al. 1994 , Leopold and Yocum 2002 .
Data from the laboratory for chrysanthemum, and from the Þeld for lemon and jojoba, for the four classes of eye spot development were similar (Fig. 10) . A majority of eggs in both laboratory and Þeld samples showed normal development (87Ð94%). In both Þeld and laboratory situations, undeveloped eggs (4 Ð11%) made up a large proportion of eggs observed to be abnormal (6 Ð12%). It is interesting that a signiÞcantly higher proportion of eggs showed developed eye spots (sum of eggs with normal, central, and reversed eye spots) in the Þeld versus the laboratory. It can be hypothesized that these undeveloped eggs arose from unfertilized eggs with no inherent potential for development. Waloff (1980) reported egg sterility as one of the causes of egg mortality in the Þeld for three species of British leafhoppers (average of 0.9 Ð14.3% of total observed Þeld egg mortality). Eggs with central or reversed eye spots could result from a malfunction in embryonic development (Al-Wahaibi 2004) . Eggs with reversed eye spots also could have resulted from eggs that were inserted by sharpshooters with a reversed polarity to that of most eggs in the egg mass. Setamou and Jones (2005) Mortality of Homalodisca eggs arose from two sources: eggs that did not develop or developed abnormally and completely developed embryos that died as they attempted to hatch but could not breach the leaf epidermis. The death of Þrst-instar nymphs inside the conÞnes of the egg mass, as they attempted to hatch, can be discerned by observing dead nymphs in convoluted positions and with enlarged head regions, a sign of nymphs in the process of hatching (Al-Wahaibi 2004) . It seems likely that the mortality of eggs during the early stages of development and during attempts by nymphs to hatch might vary in relative importance, depending on the plant species. In lemon, these two sources of mortality were about equal. In mule fat, and to a lesser extent in navel orange and willow, there is possibly a larger role for some plant-mediated processes (with possible interaction with abiotic factors such as temperature) in preventing or retarding development of Homalodisca eggs and a lesser role in the prevention of hatching. However, in jojoba, the plant-mediated processes could play less of a role in retarding egg development, with a greater role for these processes in the prevention of the hatch of fully developed embryos. It was observed that scar tissue associated with Homalodisca egg masses was more visible on jojoba than on the other host plants.
Different host plants could react differently to wounding by ovipositing leafhoppers. Repair of oviposition wounds could vary in the different plants, making eggs in some plants more vulnerable to external physical conditions and to infection by pathogens. Desiccation of the eggs of leafhoppers, due to high temperatures and low humidity, was reported by other studies (Waloff 1980 , Rossi et al. 1994 . Fungal infection of leafhopper eggs, as a source of mortality, was discussed by Waloff (1980) and Sasaba and Kiritani (1972) . Variability in oviposition wound sealing by different plants could also result in variability in nymphal ability to emerge through the leaf epidermal barrier. Another possibility is that the "immune" reaction to eggs as foreign bodies could be more severe in some plants. This reaction could manifest itself biochemically, or through the growth of surrounding plant tissues which might crush or encapsulate the eggs during the early stages of their development (e.g., McKenzie and Beirne 1972) . Prabhaker and Toscano (2007) showed a greater effect of pyriproxyfen (an insect growth regulator) on hatching of H. vitripennis eggs when younger eggs were exposed to the chemical. This supports the notion of a biochemical effect of certain compounds on the development of the eggs of H. vitripennis. Plant reaction to the inserted egg mass also could manifest in the growth of callus tissue around the eggs, which might form a barrier to Þrst instars as they begin the hatching process. Hoffman et al. (1990) compared nonparasitic mortality of eggs of Empoasca fabae (Harris) during the two stages of pre-and post-eye spot appearance. They found that during the pre-eye spot stage, there was an increase in egg mortality from 9 to 19% with an increase from moderate to severe plant water stress, whereas during the eye spot stage, mortality increased from 11 to 28% with an increase from zero to moderate plant water stress. On moderately and severely stressed plants, eggs with developed eye spots comprised a larger proportion of dead eggs than eggs without eye spots, whereas on plants with zero plant stress there was no difference in egg mortality between the two egg classes. These observations by Hoffman et al. (1990) suggest that egg mortality during the early stages of egg development requires severe plant water stress, whereas the death of eggs of nearly fully developed eggs requires only moderate levels of plant water stress. Hoffman et al. (1990) used alfalfa, Medicago sativa L., in their research, and it might be expected that different host plants could be affected by water stress differently, resulting in variability in nonparasitic mortality in young (pre-eye spot) versus older (post-eye spot) eggs. Thus, it seems likely that differences in Homalodisca egg mortality on the Þve host plants surveyed in the current study could be due to interactions between host plant physiology and physical factors such as water stress, temperature, and humidity.
Practical Implications. The embryonic development versus temperature model we developed for the two Homalodisca species has several useful applications such as predicting hatch of Þrst instars in the Þeld and providing information for studies on long-term storage of eggs for mass production of parasitoids. From this study, we know that at 13ЊC, full egg development takes Ϸ50 d, at Ϸ12ЊC, development is retarded, and at Ͻ10ЊC, it ceases to occur, making it possible to store egg masses for very long periods. The length of the storage period at these low temperatures would depend mainly on the storage life of the substrate (i.e., the plant in which the egg masses are laid) at low temperatures. Several horticultural factors (e.g., plant species and cultivar) could affect the useful life of plant substrates (Leopold and Yocum 2002, Leopold 2003) . The cost of maintaining whole plants holding egg masses and problems with bacterial and fungal infections above freezing could be alleviated by storing eggs in excised leaves at or below freezing. In all cases, and especially for egg masses stored at or below freezing, there is the possible problem of decreased egg quality with increased storage, i.e., eggs may be less suitable for rearing egg parasitoids. The effect of low temperature storage period on the quality of Homalodisca egg masses for mass rearing of Gonatocerus egg parasitoids have recently been investigated (Leopold and Yocum 2001, 2002; Leopold 2003; Chen and Leopold 2007) .
Prediction of nymphal hatch, using degree-day models for embryonic development, has been discussed by several authors for various leafhopper spe-cies [Simonet and Pienkowski 1980 for E. fabae; Sedlacek et al. 1990 for Graminella nigrifrons (Forbes); and Knight et al. 1991 for Typhlocyba pomaria McAtee] . Prediction of earliest and latest hatch of eggs laid by overwintering Homalodisca females during late winter and spring would be valuable to plan control strategies and monitoring systems for Homalodisca sharpshooters in California. Knowledge of the time of latest egg hatch would help in the selection of a time interval for effective chemical control. In addition, programs monitoring the population dynamics of Homalodisca nymphs could beneÞt from a degree-day tool that would help time the initiation of monitoring activity in mid to late winter. This study has provided basic tools for predicting Þeld egg hatch of H. vitripennis and H. liturata. Logically, such predictions require temperature records for particular locations, and data on the temporal distribution of Homalodisca spp. oviposition (e.g., Al-Wahaibi 2004) .
As demonstrated here, there is an inherent degree of Homalodisca egg mortality exclusive of parasitism. Knowledge of nonparasitic mortality and factors causing it are important so that mortality by egg parasitoids is placed in the proper perspective. This in turn, will result in reported parasitism rates that truly reßect death by parasitism rather than by other natural causes. This is especially important for Þeld studies monitoring Homalodisca parasitism during late winter and spring when parasitism is a relatively small contributor to sharpshooter egg mortality (Al-Wahaibi 2004) .
This study has shown that egg length, egg width, and egg clutch size cannot be used as reliable variables to differentiate between egg masses of H. vitripennis and H. liturata, both presently coexisting in southern California. Although egg length can be used successfully at the extreme ends of its distribution to identify egg masses to species, it fails to be dependable for almost 50% of the egg masses. As an alternative to using ovometrics, we recommend that other more reliable methods for identiÞcation of egg masses of the two Homalodisca species should be investigated. One such method is the use of the powdery material, referred to as brochosomes, deposited by female Homalodisca during oviposition. Al-Wahaibi (2004) , based on work by Hix (2001) and Rakitov (2000 Rakitov ( , 2002 Rakitov ( , 2004 , outlined a compound microscope method for differentiating the two species using the shape of the brochosomes deposited by females on the surface of egg masses. De Azevedo Filho and Carvalho (2005) and De Azevedo Filho et al. (2008) used variation in the morphology of brochosomes (discerned using scanning electron microscopy) to produce keys to differentiate among seven and eight species of Proconiini leafhoppers occurring, respectively, on citrus and grape vines in Brazil, respectively. Other promising methodologies to identify Homalodisca eggs to species include immunological assays such as enzyme-linked immunosorbent assay (Hagler et al. 2002 (Hagler et al. , 2003 and electrophoretic enzyme techniques such as esterase proÞling (Toscano et al. 2003, Byrne and Toscano 2006) .
